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Abstract 
 We study the influence of diagonal disorder (random site energy) of local pair (LP) site ener-
gies on the superconducting properties of a system of coexisting local pairs and itinerant electrons 
described by the (hard-core) boson-fermion model. 
 Our analysis shows that the properties of such a model with s-wave pairing can be very strong-
ly affected by the diagonal disorder in LP subsystem (the randomness of the LP site energies). 
This is in contrast with the conventional s-wave BCS superconductors, which according to the 
Anderson’s theorem are rather insensitive to the diagonal disorder (i.e. to nonmagnetic impuri-
ties). It has been found that the disorder effects depend in a crucial way on the total particle con-
centration n  and the LP level position oΔ  and depending on the parameters the system can ex-
hibit various types of superconducting behaviour, including the LP-like, intermediate (MIXED) 
and the “BCS”-like. 
 In the extended range of { n , oΔ } the superconducting ordering is suppressed by the random-
ness of the LP site energies and the increasing disorder induces a changeover from the MIXED-
like behaviour to the BCS-like one, connected with abrupt reduction of cT  and energy gap to 
zero. However, there also exist a definite range of  { n , oΔ } in which the increasing disorder has 
a quite different effect: namely it can substantially enhance cT  or even lead to the phenomenon 
which can be called disorder induced superconductivity. Another interesting effect is a possibility 
of a disorder induced bound pair formation of itinerant electrons, connected with the change-over 
to the LP-like regime. 
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1. Introduction  
 A model of coexisting bound electron pairs and itinerant electrons i.e. the so-called boson-
fermion model, was introduced several years ago [1] to unify the description of nonconventional 
(exotic) superconductors, chalcogenide glasses, nonsimple metals and systems with alternating 
valence. Real space local pairing plays an important role in a great number of experimental sys-
tems (for review see [1-3] and ref. therein). These systems comprise several distinct groups of 
materials: 
 (i) The compounds that contain cations in two valence states differing by 2e (on-site pairing). 
Examples of such valence skippers are Bi4+, Sb4+, Pb3+, Sn3+, Tl2+. These elements prefer to exist 
as Bi5+, Sb5+, Pb4+, Sn4+, Tl3+ together with Bi3+, Sb3+, Pb2+, Sn2+, Tl1+. Well studied materials are 
BaBixPb1-xO3, Ba1-xKxBiO3 (Bi3+, Bi5+), Pb1-xTlxTe (Tl1+, Tl3+), Pb1-xSnxSe (Sn2+, Sn4+), Cs2SbCl3 
(Sb3+, Sb5+) as well as divalent compounds of Ag2+, Au2+ and trivalent compounds of Pd3+, Pl3+, 
e.g. CsAgCl3 ( 22zd , 
0
2z
d ). Double charge fluctuations occur in these systems on effective sites 
which can be considered as negative U centers, composed of cations and their surrounding ligand 
environments. 
 (ii) The transition metal oxides showing intersite bipolarons, in which charge dispropotiona-
tion is seen on a molecular (rather than atomic) level, e.g. Ti4O7, Ti4-xVxO7 and WO3-x with 
double charge fluctuations on the molecular units: [(Ti4+- Ti4+), (Ti3+- Ti3+)], [(W5+-W5+), (W6+-
W6+)]. 
 Among various other systems, where the local electron pairing has been evidenced [1, 2] let us 
mention such exotic superconductors as PbHx, Li1-xTi2-xO4, EuxMo6S8, superconducting nonsim-
ple metals, e.g. NbC, as well as numerous amorphous semiconductors. 
 The scenario of the coexistence of on-site LPs (negative U centers) or intersite LPs and itine-
rant carriers can serve as phenomenological description of unconventional superconductivity and 
normal state properties observed in a number of the above listed compounds. The model is capa-
ble of explaining several anomalous properties of these materials and it can show features which 
are intermediate between those of local pair superconductors and those of classical BCS systems 
[1-8].  
 Such a two-component model is of relevance for high temperature superconductors (HTS) and 
other short-coherence-length superconductors [2-21] as well as for the BCS – Bose-Einstein con-
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densation (BEC) crossover in ultracold fermionic atomic gases with a Feshbach resonance [22-
25].  
 In the context of HTS the two-component boson-fermion (BF) model has been proposed phe-
nomenologically or it has been derived as the effective low-energy model. In particular, it has 
been obtained from the generalized periodic Anderson model with on-site hybridization between 
wide and narrow-band electrons, in which the narrow band electrons are strongly coupled with 
the lattice deformation, and formation of polarons and LP (bipolarons) takes place [1]. These LP 
are hard-core bosons made up of two tightly bound fermions. The BF scenario has also been pro-
posed in studies of the superconductivity mechanism based on heterogeneity of the electronic 
structure of HTS in the pseudogap phase [5, 10-12].  
 The superconducting and normal state characteristics of the B-F model are strongly dependent 
on the relative position of the local pair level with respect to the bottom of the fermion band ( oΔ )  
and the total number of carriers n . As a consequence, the model exhibits not only the limiting 
cases of weak coupling (“BCS”) and pure LP superconductivity, but also the intersting, interme-
diate regime (MIXED).  
In this case, neither  the standard BCS picture nor the picture of local pairs fits, and superconduc-
tivity has a “mixed” character with a correlation length of the order of several interatomic spac-
ings. The system shows features which are intermediate between the BCS and preformed local 
pair regimes. This concerns the energy gap in the single electron spectrum, )0(/ gCB ETk  ratio, 
the critical magnetic fields, the Ginzburg ratio κ , the width of the critical regime and the normal 
state properties, which deviate from Fermi liquid behaviour [1-5,7,12] . 
In particular, several studies of the boson-fermion model at CTT >  show: the existence of a 
pseudogap in single particle DOS, anomalies in one-electron self-energy ∑ ),( ωk , and anomalies 
in charge and magnetic responses, which are similar to those observed in cuprates [7, 24]. 
 In addition, the Uemura type plots, i.e., the CT  vs zero-temperature phase stiffness )0(Sρ , are 
obtained for s, extended s- and d-wave symmetry within the KT scenario [12]. The Uemura scal-
ing )0(SCT ρ∝  is a consequence of the separation of energy scales for pairing and phase cohe-
rence. The existence of nodal quasiparticles for d-wave pairing (beyond the LP regime) gives rise 
to a linear  in T  relationship in the superfluid density. 
 In this paper we will analyze the effects of disorder on the s-wave superconductivity of the B-
F model and focus on the diagonal disorder in LP subsystem which is modelled by the random-
4 
ness of LP site energies. Our preliminary studies of this subject have been presented in Refs. [16, 
18]. 
 The conventional s-wave symmetry superconductors are known to be rather weakly affected 
by nomagnetic impurities [26] (“Anderson theorem”). Because of the nonconventional pairing 
mechanism in the B-F model (the charge exchange between bosons and fermions), it is of funda-
mental importance to determine how the impurities (disorder) affect the bulk and local properties 
of the superconducting state of such a system [16-21]. We add that the superconductivity in sev-
eral above mentioned materials is obtained upon doping of the parent compound. Doping is the 
source of mobile charge carriers and at the same time it introduces disorder into the system. 
 An example of real systems, where the model of coexisting local pairs and itinerant carriers is 
applicable and where the diagonal disorder of local pair site energies can be realized, is the fami-
ly of doped barium bismuthates. Experimental results indicate an existence of p-holes in doped 
BaBiO3 perovskites [27, 28]. This suggests that a realistic modelling of these materials should be 
that of coexisting itinerant holes (on oxygen-ions) and LPs (on Bi-ions) in which doping intro-
duces a disorder of the LPs (Bi3+ - Bi5+) energies. 
 In the case of cuprate HTS, an indirect support for the two-component B-F model with disord-
er might be found in the recent scanning-tunneling microscopy (STM) studies [29-31], showing 
well defined spatial variations in gap magnitude, which correlate with specific impurity sites in 
the Bi-based cuprates (BiSrCaCuO crystals). Very recently theoretical studies of the local proper-
ties of HTS relevant to the STM experiments have been performed in the framework of the B-F 
model with disorder, using the Bogoliubov-de Gennes equations [20, 21]. It has been demonstrat-
ed that the assumption that impurities mainly modify the boson energies offers a natural explana-
tion of the above mentioned correlation found in the STM experiments [21]. 
  We consider the following model Hamiltonian describing two coexisting subsystems: local 
electron pairs (hard-core bosons “b”) and itinerant (conduction) electrons (“c”), which, in the 
following, will be called c-electrons 
cbcb HHHH ++= , (1) 
where 
∑∑ +−−+Δ=
ij
jiij
b
ii
i
ob bbJnEH )(2 μ , (2) 
∑∑ −= +
i
c
iji
ij
ijc ncctH μσσ
σ
, (3) 
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.).( chbccIH iii
i
ocb +=
+
↓
+
↑∑ , (4) 
oΔ  measures the relative position of the local pair (LP) level with respect to the bottom of c-
electron band, iE  is the random LP site energy, μ  stands for the chemical potential, oI  is the 
intersubsystem coupling (charge exchange), ijJ  denote the LP transfer integral, ijt  is the hopping 
integral for c-electrons. The operators of local pairs +ib , ib  obey the commutation rules for hard-
core bosons (the Pauli spin 21  commutation rules), which exclude multiple occupancy of a 
given LP center: 
ij
b
iji nbb δ)21(],[ −=+ , 0],[ =ji bb , 0)()( 22 ==+ ii bb , 1=+ ++ iiii bbbb ,  
where ii
b
i bbn
+
=  and ∑ +=
σ
σσ ii
c
i ccn  are the number operators for bosons and fermions, μ  is 
the chemical potential which ensures that a total number of particles per site is constant 
bc nnn 2+= , where cn  is the concentration of c-electrons and bn  is the average number of 
local pairs per site. 
 The paper is organized as follows. 
 In Sec. 2 we introduce the basic definitions, point out details of the variational approach used 
in the analysis and present the selfconsistent equations for the order parameters and chemical 
potential as well as the free energies of the superconducting and the normal state derived at the 
mean-field level. Sec. 3 includes numerical calculations of the phase diagrams and superconduct-
ing characteristics of the model. The phase diagrams at T = 0 and at finite temperatures are de-
termined as a function of particle concentration and the strength of disorder for several represen-
tative values of oΔ .   
The evolution of superconducting characteristics, including order parameters, gap ratio, chemical 
potential, cn  and bn , with increasing disorder is analysed. Sec. 4 is devoted to conclusions and 
supplementary discussion. 
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2. General Formulation  
 In analysis of the model we used, as in the case without disorder [1, 2, 8], the mean field varia-
tional approach (MFA-HFA). At first, the variational free energy })({ io EF for a given fixed con-
figuration of the random site energy }{ iE  is obtained. Then it is configurationally averaged over the 
random variable }{ iE  according to a preset probability distribution })({ iEP  [16, 32, 33] as 
})({... iiav EPdE∫∏
∞
∞−
=>< … . (5) 
 The probability distribution })({ iEP  of }{ iE  is assumed to be ))(})({ iii EpEP Π= , with 
)()( ii EpEp −= . In our studies we have considered the following two types of the site energy 
distribution: 
the two-delta distribution 
)]()()[2/1()( oioii EEEEEp ++−= δδ  (6) 
and the rectangular distribution 
oi EEp 2/1)( = , for oi EE ≤|| , 
            = 0, otherwise. (7) 
In this paper we will mainly focus on the case of distribution (6) (Sec. 3.1-3.3, 3.5) and the results 
for distribution (7) will be concluded in Sec. 3.4. 
The superconducting state (SC) is characterized by the two local order parameters >< +↓
+
↑ ii cc  
and >< +ib . After the MFA decoupling the effective Hamiltonian is of the form: 
( )∑ ∑ ∑ +−+−+Δ= +
i ij i
c
ijiij
b
iioo ncctnEH
σ
σσ μμ2  
( ) ( )∑∑ ++++Ω− ++
ij
jiij
i
ii chbbJchb .... 2
1  
( ) ( )+++++ ∑ ∑ +↓+↑+↓+↑
i i
iiioiiio chbccIchbccI ....  
( )∑ +− +↓+↑
i
iiio chbccI .. , (8) 
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where ∑=Ω
j
jiji bJ . 
In the following we will assume a uniform and site-independent order parameters: 
x
oavi
b ρ=+ , ∑ >>+<<= +
i
avii
x
o bbN2
1ρ , oavii xcc =
+
↓
+
↑ , 
∑ >><<= +↓+↑
i
aviio ccN
x 1 , leaving the full discussion of the Bogoliubov- de Gennes equations 
to a separate paper. 
Under the above assumptions the quenched free energy avio EF >< })({  is derived as: 
[ ] +++><−⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−=>< ∑ )2()cosh(2ln12cosh2ln2 cbavi
k
av
s
o nnk
A
N
F μβξβ
β
β
  
                    ,C+−− μμ  (9) 
where 
22 )( xookk IA ρε += , 
22 |)|()( oo
x
ooii xIJE −+−= ρμξ , (10) 
oΔ−= μμ ,  μεε −= kk ,    ∑
=
−−=−=
,...),(
cos2~
yx
bbkk akt
α
α εεεε ,  kb εε
~min= ,  
∑
≠
=
ij
ijo JJ ,  
1)( −= TkBβ , bxoooxoo xIJC ερρ −−= ||2)( 2 , 
>><<= ∑
i
c
ic nNn
1 ,  ∑ >><<=
i
av
b
ib nNn
1 , (11) 
whereas the equations determining the superconducting order parameters xoρ , ox  and the chemi-
cal potential are given by: 
∑−=
k
k
x
oo
o A
k
A
I
Nx )2/tanh(2
1 βρ , (12) 
( )
av
i
x
oooo
x
o
i
JxI βξξρρ tanh21)( +−= , (13) 
bc nnn 2+= , (14) 
where 
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∑ ⎟⎠
⎞⎜⎝
⎛
−=−
k
k
k
c
A
ANn
k
2tanh
11
βε
,       ( )
av
ib
i
iEon βξξ
μ
tanh12
−+Δ
−=− . (15) 
The quasiparticle energy spectrum of the system is characterized by kk AE ±=
±  and  iξ± , and 
the energy gap in the electron spectrum is given by −+ −= kkg EEE maxmin . 
From Eqs. (12)-(14) one gets equations for the transition temperature ( MFAcT ) at which the gap 
amplitude vanishes ( 0,0 →→ xoox ρ ): 
[ ] ⎟⎟⎠
⎞
⎜⎜⎝
⎛
+−Δ= ∑
−Δ o
k
MFA
av
i
MFA
c J
k
kc
N
oI
i ε
εβ
μβμ 2
)2/tanh(2
)(tanh1 )(2
1 , (16) 
[ ] ∑−−Δ−=
k
k
MFA
cN
av
i
MFA
cn )2/tanh()(tanh2 1 εβμβ , (17) 
where ioi E+Δ=Δ . Note that in Eq. (16) the factor )(2/
2 μ−Δ ioI can be interpreted as the 
pairing interaction between c-electrons mediated by the LP and the factor 
)](tanh[ μβ −Δ iMFAc  results from the hard-core nature of bosons.  
 It is also of interest to investigate the response function in the absence of disorder, i.e. 0=iE . 
Let us consider the pair propagator for c-electron subsystem 
ω
ω += qBqBNqG GG
K
|1),(2   , (18) 
where 
ω
+
qBqB GG |  is the time Fourier transform of the Green’s function: 
><−Θ− + )'(),()'( tBtBtti qq GG , ∑ ↑+↓+−= k qkqkq ccB G GGGGG 22 . In the normal state, using the equa-
tion of motion technique and Random Phase Approximation (RPA) for the case 0=ijJ , one 
gets: 
),(),(1
),(),(2 ωχβω
ωχ
ω qeffV
qqG G
GK
−
= , (19) 
where 
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∑
−
−
+
−
−
−
+
−
=
k qkqk
qk
f
qk
f
Nq K GGGG
GGGGG
2/2/
)
2/
()
2/
(1
1),( εεω
εε
ωχ , (20) 
)21(),( )(2
2
beff nV o
oI
−=
−Δ− μωβω , (21) 
),( ωχ qG−  is the pair susceptibility and )(ωeffV  is the effective interaction between c-electrons 
mediated by LP’s. f(x) is the Fermi function. Introducing the generalized T-matrix ),( ωqGΓ  via 
the relation effVG /2 Γ= χ , one has 
),()(1
)(
),( ωχω
ω
ω qeffV
effVq KK
−
=Γ . (22) 
An instability of the normal phase occurs at 0)0,0(1 =Γ− (the Thouless criterion), and cT is given 
by 
∑−=
k
MFA
MFA
ceff
k
kc
NV ε
εββ 2
)2/tanh(
1),0(1 , (23) 
in full agreement with the MFA expression (16) for a clean system if we take  
( )[ ]μβ −Δ=− oMFAcbn tanh21 . 
 The randomness of LP energies iΔ  induces fluctuations of the effective pairing potential be-
tween electrons effV  which we can replace by the following one at cT : 
av
b
ieff nV o
oI )21(),0( )(2
2
−=
−Δ
−
μβ , (24) 
and  bin21−   is given by  [ ])(tanh μβ −Δi . 
 The MFA transition temperature ( MFAcT ) at which the gap amplitude vanishes, yields an esti-
mation of the c-electron pair formation temperature. Generally, due to the fluctuation effects the 
superconducting phase transition occurs at a critical temperature lower than that predicted by the 
BCS-MFA theory [12]. 
 
10 
3. Results of numerical solutions and discussion 
 We have performed a detailed analysis of the phase diagrams and superconducting properties 
of the system studied as a function of oΔ , the particle concentration n , the interaction parame-
ters and increasing disorder. For c-electrons we have used a semielliptic density of states (DOS): 
2])[(1)2()( DDD −−= επερ , with D2  denoting a bandwidth and the rectangular one: 
D2/1)( =ερ , for D20 ≤≤ ε , 0)( =ερ , otherwise.  
 The semielliptic DOS approximates the behaviour of 3=d  simple cubic lattice, yielding for 
small energies: ε
π
ερ 2/3
22)(
D
≈ .  The rectangular one mimics better the 2=d  square lattice 
spectrum beyond the Van-Hove singularity. 
 In Sec. 3.1-3.3, 3.5 for the random LP site energies we have taken the two-delta distribution 
(6). The results for the rectangular distribution of iE  (Eq.(7)) are summarized in Sec. 3.4. We 
will discuss first the case of 00 =J  (Sec. 3.1 –3.4) and the case of 00 ≠J  will be concluded in 
Sec. 3.5. 
3.1. Ground state diagrams 
 Fig. 1 presents the ground state diagram of the model (1) for 0|| =oI , 0=oJ , 0=iE  as a 
function of bc nnn 2+= versus Do /Δ  )( ztD =  plotted for a square lattice (thick solid lines) 
semieliptic DOS (thin solid line) and rectangular DOS (dashed lines).    
 In the absence of interactions and 0=iE  depending on the relative concentration of electrons 
and hard-core bosons we distinguish three essentially different physical situations. In particular 
for 2≤n  they are: 
(i) 0<Δo  so that at KT 0= , 0<Δ= oμ  and all the available particles occupy the LP states 
(it will be called the “local pair” regime, in which in general cb nn >>2 ) (LP); 
(ii) 0>Δo such that the electron band is filled up to the Fermi level oΔ=μ and the remaining 
particles are in local pair states (the c+b regime or MIXED,  bn20 < , 2<cn ) (LP+E); 
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(iii) 0>Δo such that the Fermi level oΔ<μ and  consequently at KT 0= all available elec-
trons occupy the c-electron states (the c-regime, bc nn 2>> ) (E). 
 For 0=iE  an important feature of the model is that the boson-fermion coupling 0|| ≠oI  
induces superconducting order in both subsystems at low temperatures. A small || oI  does not 
change much the characteristic lines of the diagrams in Fig. 1 concerning the particle densities. 
However, it yields 0≠cn  in the superconducting LP regime and 0≠bn  in the superconducting 
E regime, even at 0=T . Moreover, it also leads to a renormalization of the bosonic level and a 
shift of the MIXED-LP boundary. The increasing || oI  expands the range of the LP+E (MIXED) 
regime [1, 12]. 
 In Figs. 2 we show the ground state diagrams as a function of n and DEo 2/  for 0|| =oI  
and 1.02/|| =DIo , plotted for several representative fixed values of Do /Δ  and 0|| =oJ . 
 In the presence of iE  disorder with the two-delta distribution (6) in addition to the former 
three situations, the fourth one appears possible, in which the occupations of both subsystems are 
pinned at (almost) fixed values: 21<−= nnc  and 12 =bn  in extended ranges of total concen-
tration n and temperature. 
The fourth possibility occurs if the bosonic level with the energy oo E−Δ  is completely occu-
pied ( 12 =bn ) since it lies below the Fermi level ( oo E−Δ>μ ), whereas the level with the 
energy oo E+Δ  is empty ( oo E+Δ<μ ). The properties of this state are similar to those of the 
E state (“BCS” like regime) in the absence of disorder, and therefore we will call it in the follow-
ing as the E1 state. 
Let us point out that, the states of this type will appear in definite ranges of Do /Δ  and n for any 
multiple-pole distribution of iE  disorder. 
 At 0=T  and  0|| ≠oI  the boundary between MIXED and LP regimes can be located (after 
Legget [34]) from the condition that the chemical potential in the SC phase ( sμ ) reaches either 
the bottom (if 2<n ) or the top of the fermionic band (if 2>n )  i.e., in our denotations from 
0=sμ , if 2<n , or Ds 2=μ , if 2>n .  
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 The approximate boundaries MIXED/E and MIXED/E1 for 0|| ≠oI  are plotted in Figs 2 by 
dashed lines. These lines demark the values of the n  and DEo 2/  for which cT  and 
x
oρ , ox  at 
0=T  become vanishingly small and for which at 0=T  nnb2  (or nnb )22( − ) 
610−<  – 
in the case of MIXED/E and 610|12| −<− nnb  – in the case of MIXED/E1. 
 The analysis of the MIXED-LP crossover indicates that when the LP level is shifted and 
reaches either the bottom of the fermionic band (if 2<n ) or the top of the band (if 2>n ), the 
effective attraction between fermions )0(effV  (Eq. (24)) becomes strong, since it varies as 
avio
I )22/(2 μ−Δ  and locally iΔ≈μ . In this regime on the LP side the density of c-
electrons (if 2<n ) or c-holes (if 2>n ) is low and formation of bound c-electron (or hole) pairs 
occurs. It gives rise to an energy gap in the single-electron spectrum persisting even in the normal 
state. In such a case, the superconducting state can be formed by two types of coexisting (hybri-
dized) bosons: preformed c-electron (-hole) pairs and LP’s [12]. 
 Note that at the MIXED-LP crossover, the chemical potential changes the sign ( 2<n ) (cf. 
Figs. 4a, b). For considered s-wave pairing the energy gap changes from ||)0(21
x
OOg IE ρ=  
( 0>Sμ ) to 2221 ||)0( xOOSg IE ρμ +=   ( 0<Sμ ). For the latter case and 1<<Cn , Sμ  can be re-
lated to the electron pair binding energy in the two body problem [12].  
For d-wave pairing in the absence of disorder one finds that at the point of crossover there is a 
change from nodal to nodeless behaviour [12]. It remains to be seen how the presence of non-
magnetic disorder will modify this crossover. 
  In the model considered a strong dependence of the superconducting properties on the ran-
domness in bosonic subsystem is a combined effect of the fluctuations of the pairing strength and 
the changes in the relative occupation of fermionic and bosonic states induced by disorder. 
 
3.2. Evolution of superconducting properties with increasing disorder 
 In Fig. 3 we show the finite temperature phase diagram of model (1) sketched in 3D projection 
( DTk cB 2/  vs n  vs DEo 2/ ) for a fixed Do /Δ  and DIo 2/|| . 
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 The disorder effects depend in an essential way on the total concentration of carriers n and the 
position of the LP level oΔ . In general, as for the evolution of the SC properties with increasing 
disorder, there are different possible types of change-over. It is shown in Figs 4, which present 
the plots of the critical temperature and several other superconducting characteristics of the 
model (1.1) as a function of increasing disorder DEo 2/  for 5.0/ =Δ Do ,  1.02/|| =DIo  
and for five representative values of n. In all cases the plotted quantities are (from the top): (1) 
the MFA critical temperature DTk cB 2/  and the chemical potential D2/μ  at 0=T , (2) the 
concentrations of electrons cn  and local pairs bn  at  0=T , (3) the superconducting order pa-
rameters xoρ  and  || ox  at 0=T , (4) the gap ratio for c-electrons cBg TkE 2/)0( . 
 In Figs. 4. the vertical dotted lines mark the boundaries between various regimes. 
As we see from these figures and Fig. 2, for 5.0/ =Δ Do  one can single out five types of 
change-over, each of them being characteristic for a definite range of n : 
(a) LPMIXEDE →→ , if 5.0<n ; 
(b) LPMIXED → , if 15.0 << n ; 
(c) 1EMIXED → , if 5.21 << n ; 
(d) 1EMIXEDE →→ , if 35.2 << n ; 
(e) LPMIXEDE →→ , if 3>n . 
These types of change-over also take place for the other fixed values of  0/ >Δ Do  
( 2/0 <Δ< Do ). For 0/ <Δ Do  and 21 << n  an additional sequence of change-over is poss-
ible: 1EMIXEDLP →→  (cf. Fig. 2a). 
 Let us notice that the change-overs )1(EEMIXED ↔  are quite sharp (cf. Figs. 4c, d). This 
is connected with an abrupt redistribution of cn  and bn , which take nearly constant values as the 
system enters the )1(EE  regime, and with a rapid decrease in  effV  (cf. Fig. 5). The evolution of 
cT , )0(gE , bc nn /  and order parameters between the MIXED  and LP  regimes is smooth (cf. 
Figs. 4a, b, e). The LPMIXED /  boundary is located on the n  vs DEo 2/  (and  n  vs 
Do 2/Δ ) diagrams from the condition 0=sμ , if Dn 2<  and from Ds 2=μ , if 2>n .  
 The range of n  for which a definite sequence of change-overs takes place, depends on the 
value of  Do /Δ , but in general (in the case of the iE  distribution (6) and 2/0 <Δ< Do ) the 
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LPMIXED ↔  change-over is possible for 1≤n  and 3≥n  only, whereas the 
1EMIXED ↔  - for 31 << n (comp. Figs. 2a, b, c). 
 Let us point out the most striking features of the system considered. 
 (1) In the extended range of parameters { n , Do /Δ } even a relatively small disorder can 
have a strongly detrimental effect on s-wave SC. 
In particular, at 5.0/ =Δ Do  it will occur for 5.21 << n  (comp. Fig. 2b and Fig. 4c), whereas 
at 1/ =Δ Do  - for 31 << n  (comp. Fig. 2c), i.e. for the concentrations at which the change-
overs 1EMIXED ↔  are realized. In these cases, with increasing disorder the critical tempera-
ture cT , the superconducting order parameters 
x
oρ , ox  and the energy gap in c-electron spec-
trum )0(gE  are very strongly suppressed, the gap to cT  ratio is shifted towards the BCS value, 
whereas bn2  tends to unity (comp. Fig. 4c). 
 (2) There also exist a range of { n , Do /Δ } for which the system exhibits a complete oppo-
site behaviour, which can be called a disorder induced superconductivity. 
At 5.0/ =Δ Do  it can be observed for 5.00 << n  as well as for 5.2>n  (comp. Figs. 2b, 3 
and Figs. 4a, d, e), i.e. for the concentrations at which the changeovers MIXEDE →  are rea-
lized. In these cases, for 0=oE  the system is in E regime with 0≈cT . With increasing disord-
er, at some definite nonzero value of DEo 2/ , dependent on { n , Do /Δ } one observes an ab-
rupt enhancement of cT , the superconducting order parameters and )0(gE , connected with the 
MIXEDE →  changeover. With a further increase in DEo 2/ , cT  goes through a round max-
imum and then it decreases, either sharply (for the sequence of transitions: 
1EMIXEDE →→ ), cf. e.g. Fig. 4d, or steadily (for the sequence: LPMIXEDE →→ ), 
cf. e.g. Fig . 4a. 
 (3) Another unique feature of the model analyzed is a possibility of a disorder induced bound 
pair formation of itinerant electrons. Such phenomena can be observed for the ranges of { n , 
Do /Δ }, in which the increasing disorder yields either the following sequence of change-overs: 
LPMIXEDE →→  or a single change - over: LPMIXED → . In both these cases the 
bound pair formation occurs close to the LPMIXED /  boundary (c.f. e.g. Figs. 4a, 4e), at which 
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the increasing oE  shifts the chemical potential either below the bottom of the c-electron band (if 
1≤n ) or above the top of the band (if 3≥n ).  
 In Fig. 5 we plot the effective pairing potential between c-electrons ),0( ceff TV  in various 
regimes of parameters. We see that effV  increases rapidly close to the LPMIXED /  boundaries 
(comp. Figs. 4a, b, e), which induces the bound pair formation of c-electrons (or holes). Inside the 
E  and 1E  regimes the effV  is small and the properties are unaffected by disorder as in the con-
ventional s-wave BCS superconductors in the presence of nonmagnetic disorder. 
 
3.3. Density driven changeovers 
 Concerning the evolution of the superconducting properties with increasing n  there are three 
possible types of density driven changeovers for 0=oE : (i) for 0/2 >Δ> Do : 
EMIXEDE →→ ; (ii) for 0/ <Δ Do : ELP → ; (iii) for 2/ >Δ Do : LPE →  (comp. 
Fig. 1).  
In the presence of disorder one finds that the system can also exhibit several other sequences of 
changeovers. In particular, in the case (i) as the disorder amplitude oE  increases the sequence 
EMIXEDE →→  is changed at first into: EMIXEDEMIXEDE →→→→ 1 , then 
into: EMIXEDELP →→→ 1  and finally into: LPELP →→ 1  (comp. Figs. 2b, c), whe-
reas in the case (ii) the changeover ELP →  is replaced by: EMIXEDLP →→ , then by: 
EMIXEDELP →→→ 1  and finally by: LPELP →→ 1  (comp. Fig. 2a). 
 In Figs. 6 we show examples of the cT  vs n  plots, computed for several fixed values of the 
disorder amplitude DEo 2/  and fixed Do /Δ , which illustrate the change-overs taking place in 
the case (i). 
 
3.4. The case of rectangular distribution of the random potential 
 In Sec. 3.1-3.3 we focused on random LP energy distribution in a bimodal form (6). As it was 
demonstrated in our previous studies of the model of hard-core charged bosons on a lattice [32, 
33] the detailed features of the phase diagrams and thermodynamic properties can be sensitive to 
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the choice of the distribution function of iE , although the main conclusions concerning profound 
effects of diagonal disorder remain unchanged. 
 Here, we will show that the same situation holds as far as the effects of disorder in the boson-
fermion model are concerned. To prove this point we present below in Figs. 8-10 the results ob-
tained for the rectangular distribution of iE . 
A preliminary analysis of this case has been given in Ref. [18]. Indeed, as in the case of bi-
modal distribution the disorder effects depend in an essential way on the total concentration of 
carriers n  and the position of the LP level oΔ . For the rectangular distribution of disorder one 
can single out four types of change-over characteristic for definite ranges of n .  With increasing 
disorder strength oE , the possible change-overs for a fixed value of 0>Δo  are (Figs. 7-9): 
(i) LPMIXEDE →→ , (ii) LPMIXED → , (iii) MIXEDE → , whereas for 0<Δo  one 
additionally finds: (iv) LPE → . 
The qualitative difference between the cases of rectangular and bimodal distribution of iE  is 
the absence of 1E  state for the former. As a consequence there are no change-overs involving the 
1E  state and the system can stay in the mixed state (compare Figs. 8 and 3). Furthermore, for 
both types of iE  distribution, in an extended range of parameters },{ on Δ  a relatively small dis-
order has strongly detrimental effect on superconductivity in the mixed regime (cf. Figs. 4 b-c 
and Fig. 9b). In both cases, a definite range of parameters },{ on Δ  can be also found for which 
the boson-fermion model exhibits a disorder induced superconductivity. For the rectangular dis-
tribution this phenomenon takes place at around MIXEDE →  change-over (cf. Fig. 7 and Figs. 
9a,c). 
 
 
3.5. Disorder effects in the presence of  direct LP hopping 0≠ijJ  
In general, the direct LP hopping 0≠ijJ  expands the stability regions of the superconduct-
ing LP and MIXED states with respect to the ones of E and E1, and increases the superconduct-
ing critical temperatures as well as the superfluid density in both these states. 
We postpone a more detailed analysis of the 0≠ijJ  case, including the n  vs Do /Δ  vs 
DEo 2/  phase diagrams, to a separate paper. Here we will focus only on the properties of the 
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system for 0≠oJ , 0=oI  in the limit of 1/ −<<Δ Do , where nnb →2 , 0→cn , and 
where the superconductivity can develop exclusively in the LP subsystem (for 0=oI  the c-
electrons remain in the normal state and act only as a reservoir of particles). 
In Figs. 10-12 we present representative results concerning such a case showing the effects 
of disorder on the SC phase of LPs for various values of bn  for the two-delta distribution of iE . 
In particular one finds the following: 
(i) With increasing disorder the superconducting order parameter xoρ  at 0=T  as well as the 
critical temperatures cT  are strongly reduced for any local pair concentration ( 220 << bn ) (cf. 
Figs. 11, 12). 
(ii) For any bn  there is a critical amount of disorder, below which SC can be stable. The critical 
disorder is the largest close to half filling of the LP band ( 12 =bn ) and it strongly diminishes 
with increasing | 12 −bn | (Figs. 10, 12). 
(iii) For 12 ≠bn  the SC transition can be either of second order or first order depending on the 
local pair concentration bn  and the strength of disorder oE  (cf. Fig. 12). Increasing disorder for 
12 ≠bn  changes at first the nature of the phase transition from a continuous to discontinuous 
type, resulting in the tricritical point (TCP) apperance, then it suppresses the superconductivity at 
low bn . Finally, for large DEo /  the system remains in the normal state at all T and any bn .  
As pointed out in Sec. 3.4 the detailed features of the phase diagrams can be sensitive to the 
choice of the distribution function of random potential. In particular for 0=oI , 0≠oJ , for the 
rectangular distribution the SC transition is of second order for any local pair concentration bn  
and strength of disorder oE [32, 33].  
In the limit 1/ −<<Δ Do  and 0=oI  the model considered reduces to the model of hard-
core bosons on a lattice, which has been studied by Monte-Carlo simulations [35-37] and exact 
diagonalization of small systems [37-39]. The results of these works, concerning the evolution of 
critical disorder with particle concentration as well the evolution of superfluid density with bn  
for different degrees of disorder and showing that the critical disorder is maximal at 12 =bn  are 
in good agreement with our findings for this particular case. 
 
4. Summary and outlook 
 In this paper we have studied the effects of diagonal disorder on the properties of the system 
of coexisting local pairs and itinerant electrons coupled via charge exchange mechanism, de-
scribed by the (hard-core) boson-fermion model with random LP site energies. In the analysis we 
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have used the mean field variational approach with a configurationally averaged free energy 
which fully takes into account the hard core nature of bosons and which in the absence of interac-
tions ( 0=ijJ , 0=oI ) yields rigorous results for arbitrary disorder strength. We determined the 
phase diagrams and superconducting characteristics of the system as a function of the strength of 
disorder oE  and the total particle concentration n , for several representative values of the local 
pair level position Do /Δ . Depending on the parameters the model is found to exhibit various 
types of superconducting behaviour ranging from the “BCS”-like to the local pair-like limits.  
 Our analysis shows that the properties of the boson-fermion model can be strongly affected by 
the diagonal disorder in bosonic subsystem (the randomness of the LP site energies). This is in 
obvious contrast with the conventional s-wave BCS-type superconductors, which according to the 
Anderson’s theorem are rather insensitive to the diagonal disorder (i.e. to nonmagnetic impuri-
ties). The remarkable dependence of the superconducting properties on the iE  randomness is a 
combined effect of changes in the effective pairing interaction and those in the occupation of 
fermionic and LP states induced by disorder. It has been found that in the model considered, the 
effects of diagonal disorder depend in a crucial way on the particle concentration and the LP level 
position oΔ . In the extended range of { n , oΔ } the superconducting ordering can be strongly 
suppressed by the randomness of the site energies (cf. Figs. 4b, c, d, Fig. 9b) and the increasing 
disorder can induce a change-over 1EMIXED →  (cf. Figs. 3, 4c, d). However, there also exist 
a definite range of  the parameters { n , oΔ } for which the increasing disorder has a quite differ-
ent effect: namely it can substantially enhance cT  or even yield the phenomena which can be 
called a disorder induced superconductivity (connected with the changeover MIXEDE → – cf. 
Figs. 3, 4a, d, e and Figs. 9a, c). Another interesting effect is a possibility of a disorder induced 
bound pair formation of c-electrons, connected with the change-over LPMIXED → ,  at which 
the effective interaction ( effV ) between electrons mediated by LPs is found to be very strongly 
enhanced in comparison to its values inside the MIXED, E and E1 regimes (cf. Fig. 5). 
 As we found, the detailed features of the phase diagrams can be sensitive to the choice of the 
distribution function of random potential. Nevertheless, our analysis of two different types of the 
iE  distribution functions indicates that the basic conclusions concerning profound effects of di-
agonal disorder on superconductivity in boson-fermion model remain unchanged for both cases. 
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 In our work we have not considered the randomness in the fermion site energies, since weak 
disorder of this type is responsible mainly for renormalization of the single particle DOS in calcu-
lations of cT  [17]. Our mean-field treatment of the disordered boson-fermion model misses im-
portant effects related to localization as well as phase fluctuations. They are of special relevance 
in the LP regime, where the mean-field cT  serves only as a pairing scale, rather than the true 
transition temperature [1, 12].  
In particular, for the nonrandom case, the sTc  as calculated beyond MFA within the T-matrix 
approach in 3D [12, 24, 25] and in the KT scenario for 2D [12], show the crucial effects of pair 
fluctuations (and phase fluctuations) in the mixed and LP regimes. Typically and independently 
of the pairing symmetry, it is observed that in 2D the KTcT  is substantially smaller than 
MFA
cT  in 
these cases. Similarly, cT in 3D is strongly reduced as compared to 
MFA
cT  due to pairing fluctu-
ations. In the mixed regime, for temperatures between MFAcT  and 
KT
cT  (or cT  within T-
matrix), the system exhibits a pseudogap in the fermionic spectrum, which develops into a real 
gap when moving to the LP regime. For 0=ijJ , and beyond MFA, the reduction of cT in the 
LP regime is caused by increasing the effective mass of LP’s and lowering their mobility. Intro-
ducing disorder can yield localization in such a case. 
 An extension of the present study in the above directions is planned. 
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Figure captions 
Fig. 1. Ground state diagram of the model (1) as a function of bc nnn 2+=  versus Do /Δ  
( ztD = ) for 0|| =oI , 0|| =oJ , 0=oE , plotted for a square lattice (thick solid lines) semiel-
liptic DOS (thin lines) and rectangular DOS (dashed lines). Denotations: LP – nonmetallic state 
of LP’s ( nnb =2 , 0=cn  for 2<n , nnb −= 22 , 2=cn  for 2>n ), E – metallic state of 
electrons ( nnc = , 02 =bn  for 2<n , nnc −= 2 , 22 =bn  for 2>n ), LP+E (MIXED) – 
“mixed” regime ( cn<0 , 22 <bn ). 
 
Fig. 2. Ground state diagrams of the model (1) as a function of bc nnn 2+=  and DEo 2/  
( ztD = ) for 0|| =oI , 0=oJ  (solid lines) and 1.02/|| =DIo  ( 0=oJ ) (dashed lines), plot-
ted (from the top) for 0.1 ,  5.0 ,  2.0/ −=Δ Do  (a, b, c, respectively, semielliptic DOS and the 
two-delta distribution of  iE  (Eq. 6)). Denotations:  
LP – “local pair regime” ( nnb =2 , 0=cn  for 2<n , nnb −= 22 , 2=cn  for 2>n ),  
E – a “c-electrons” regime (“BCS”) ( nnc = , 02 =bn  for 2<n , nnc −= 2 , 22 =bn  for 
2>n ),  
E1 – a second “c-electrons” regime ( 1−= nnc , 12 =bn ), possible only in the presence of dis-
order ( 0>oE ). It occurs if the bosonic level with the energy oo E−Δ  is completely oc-
cupied ( 12 =bn ) since it lies below the Fermi level ( oo E−Δ<μ ), whereas the level 
with the energy oo E+Δ  is empty ( oo E+Δ<μ ), 
MIXED – “mixed” regime ( cn<0 , 22 <bn ). 
For 0|| ≠oI , superconductivity sets in all the regimes albeit in E and E1 regions the order para-
meters are exponentially small. 
 
Fig. 3.  Finite temperature phase diagrams of the model (1) sketched in three dimensional projec-
tion ( DTk cB 2/  vs n vs DEo 2/ ) for 5.0/ =Δ Do , 1.02/|| =DIo  ( 0=oJ ). Dotted lines 
denote the MIXED/LP boundaries at 0=T . 
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Fig. 4. Evolution of the critical temperature and various other superconducting characteristics of 
the model (1) as a function of increasing disorder DEo 2/  for 5.0/ =Δ Do ,  1.02/|| =DIo  
plotted for several fixed values of n: (a) 2.0=n , (b) 9.0=n , (c) 8.1=n , (d) 8.2=n , (e) 
5.3=n  (semielliptic DOS, 0=oJ ). 
In all cases the plotted quantities are (from the top): (i) the critical temperature DTk cB 2/  (solid 
line) and the chemical potential D2/μ  at T=0 (dashed line), (ii) the concentrations of electrons 
cn  (dashed) and local pairs bn  (solid) at T=0, (iii) superconducting order parameters 
x
oρ  (solid)  
and  || ox  (dashed) at T=0,  (iv) the gap ratio for c-electrons cBg TkE 2/)0( . 
 
Fig. 5. The averaged pairing potential between c-electrons |),0(| TVV effeff =  at cT  as a func-
tion of increasing disorder DEo 2/  for 5.0/ =Δ Do , 1.02/|| =DIo  ( 0=oJ ) plotted for 
several representative values of  n= 0.2, 0.9, 1.8, 2.8, 3.5. 
 
Fig. 6. Phase diagrams in the (T-n) plane for 5.0/ =Δ Do , 1.02/|| =DIo  plotted for 
0.02/ =DEo , 01.02/ =DEo , 05.02/ =DEo , 30.02/ =DEo , 60.02/ =DEo , 
80.02/ =DEo (semielliptic DOS, 0=oJ ). 
 
Fig. 7. Ground state diagrams of the model (1) for the rectangular distribution of iE  (Eq.(7)) and 
for rectangular DOS of electrons as a function of Bc nnn 2+=  and DEo 2/  ( tztD 4== ) for 
1.02/|| =DIo  ( 0=oJ ) plotted (from the top) for 5.0, 1.0/ =Δ Do . Denotations as in Fig. 
2.  
 
Fig. 8. Finite temperature phase diagrams of the model (1) for the rectangular distribution of iE  
(Eq.(7)) and for rectangular DOS of electrons sketched in three dimensional projection 
( DTk cB 2/  vs n vs DEo 2/ ) for 5.0/ =Δ Do , 1.02/|| =DIo  ( 0=oJ ). 
 
Fig. 9. Evolution of the critical temperature DTk cB 2/  (solid line) and the chemical potential 
D2/μ  at T=0 (dashed line) of the model (1) for the rectangular distribution of iE  (Eq.(7)) and 
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for rectangular DOS of electrons as a function of increasing disorder DEo 2/  for 
5.0/ =Δ Do ,  1.02/|| =DIo  plotted for several values of n: (a) 2.0=n , (b) 6.1=n , (c) 
7.2=n . 
 
Fig. 10. Ground state diagram of the model (1) as a function of bn2  versus DEo 2/  for 
05.02/ =DJo , 02/|| =DIo , 2/nnb = . 
 
Fig. 11. The superconducting order parameter xoρ  at 0=T  plotted as a function of bn2  for 
05.02/ =DJo , 02/|| =DIo  and various values of DEo 2/ . 
 
Fig. 12.  The  superconducting critical temperature DTk cB 2/  of LP subsystem as a function of 
DEo 2/  plotted for 05.02/ =DJo , 02/|| =DIo  and various values of bn2 . Solid and 
dashed lines mark second- and first order transitions, respectively, the tricritical points are given 
by circles. 
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